A new genus and species of Gyrodactylidae, Ieredactylus rivuli gen. et sp. nov. (Platyhelminthes, Monogenea), is described from the skin of Hart's Rivulus (Rivulus hartii Boulenger), a cyprinodontiform fish collected from streams of the Caroni and Oropouche drainages and the Pitch Lake in Trinidad (prevalence all localities: 16.7-94.6%; mean parasite intensity 1-9 parasites/fish; range 1-34) with the holotype originating from a tributary of the Aripo River. This viviparous monogenean is distinctive from other genera of Gyrodactylidae by its split ventral bar membrane, the shape of its male copulatory organ, the presence of two conical accessory pieces associated with the hamulus root and two differently shaped marginal hook sickles. Its unique rDNA sequence shows the closest ITS2 similarity (70%) to Gyrodactyloides andriaschewii Bychowsky et Poljansky, 1953. The presence of I. rivuli gen. et sp. nov. in the Pitch Lake indicates an adaptation to extreme environmental conditions such as high temperatures and hydrocarbons and adverse pH. Guppies may potentially serve as temporary hosts. The parasite displays distinct behaviours, including a characteristic 'swimming-like' movement. The ecology and phylogeny of I. rivuli gen. et sp. nov. is discussed in relation to the diversity of other gyrodactylids in Trinidad.
Introduction
In Trinidad and Tobago, only Gyrodactylus bullatarudis Turnbull, 1956 and Gyrodactylus turnbulli Harris, 1986 from the guppy Poecilia reticulata Peters, and Gyrodactylus pictae Cable, van Oosterhout, Barson et Harris, 2005 from the swamp guppy Micropoecilia (= Poecilia) picta (Regan) have been recorded within the family Gyrodactylidae (Platyhelminthes, Monogenea). Currently, due to the lack of parasite surveys nothing is known of the gyrodactylid fauna from nonpoeciliid fish in Trinidad and Tobago (see Harris et al. 2004) .
One of the most abundant predators of guppies in Trinidad is Hart's Rivulus (Rivulus hartii Boulenger). Its diet is principally represented by invertebrates, but it will also feed on small guppies in areas of shared habitat (Endler 1978) , potentially allowing parasite transmission between host species.
Host switching is reportedly the major driver of speciation amongst the Gyrodactylidae (see Ziętara and Lumme 2002) leading to conjecture that interacting host species, including predator-prey (e.g. R. hartii-P. reticulata), might share related parasite species. Individuals of R. hartii (locally known as the Jumping Guabine) can travel short distances across land allowing them access to a range of waterways (Froese and Pauly 2011) . This expands the contact network between this species and other indigenous fish and therefore raises the potential for host-switching (Bakke et al. 2007 ).
In the current study, R. hartii specimens collected in streams and Trinidad's Pitch Lake, co-inhabited by guppy (P. reticulata) populations, were examined for parasites. A monogenean parasite was recovered, the opisthaptoral armature of which differs from the three known Trinidadian species of Gyrodactylus. Further, unique behavioural, mor-*Corresponding author: cablej@cardiff.ac.uk Ieredactylus rivuli gen. et sp. nov. 361 phological and molecular differences identified this parasite as belonging to a new gyrodactylid genus.
Materials and methods

Origin of samples
Specimens of Rivulus hartii (standard length 12.5-49.1 mm: weight 0.028-1.366 g) were sampled in 2004 (n = 9) and 2006 (n = 5) from Pitch Lake, southern Trinidad (Grid. Ref.: UTM 20P -650341.45 E, 1131668.93 N), in 2006 (n = 37) and 2008 (n = 6) in the Naranjo tributary of the Upper Aripo River in northern Trinidad (UTM 20P -692498.44 E, 118257.53 N) , and in 2010 (n = 41) from the Upper Guanapo River (UTM 20P -689796.25 E, 1183101.4 N) . In addition, 118 specimens of Poecilia reticulata (standard length 4.9-29 mm; weight 0.003-0.489 g) collected from Pitch Lake over the period 2004 and 2006 were screened for gyrodactylids.
Fish were euthanised with an overdose of anaesthetic MS222 (Sigma, Poole, UK) and stored individually in 90% ethanol until examined under a dissection microscope using optic fibre illumination. Attached gyrodactylids were carefully removed from the host using entomological pins and transferred into 0.5 ml Eppendorf tubes containing 90% ethanol; no other ectoparasites were detected.
Light microscopy
From the monogenean material collected, a total of 22 specimens was prepared as either whole mounts or partially digested for morphological analysis, following the method described by Paladini et al. (2009) . Parasites were mounted on a slide in ammonium picrate glycerine and the edges of the coverslip sealed with Pertex (Histolab, Gothenburg, Sweden). Seven specimens, including the two specimens collected from P. reticulata, had their opisthaptors excised which were subsequently prepared for morphological identification using the digestion protocol cited above, whereas the corresponding bodies were fixed in 90% ethanol for subsequent molecular analyses.
The morphology of parasites was studied using an Olympus BH2 compound microscope at ×40 and ×100 oil immersion, a JVC KY-F30B 3CCD Zeiss AxioCam MRc digital camera with an ×0.75 lens and KS300 ver. 3.0 image analysis software (Carl Zeiss Vision GmbH 1997) . A total of 30 pointto-point measurements were made on the opisthaptor based on the methods for 25 measurements described by Shinn et al. (2004) with an additional five measurements (HAPL: hamulus accessory piece length measured from the root to the tip of the accessory piece; HAPW: hamulus accessory piece width measured as the width at the root; DBL × W: dorsal bar length × width; DBAPL: dorsal bar attachment point length) to provide a comprehensive account of the new gyrodactylid genus.
The ventral bar membrane was measured in the median point across the whole length of both membrane parts. Whole body measurements (12 in total) included the total body length × width (TBL × W), opisthaptor length × width (HL × W), anterior pharynx length × width (APL × W), posterior pharynx length × width (PPL × W), pharynx process length (PProL), male copulatory organ length × width (MCOL × W) and the length of the male copulatory organ principal spine (MCOPS). All measurements are given in micrometres (μm).
Scanning electron microscopy (SEM)
Five alcohol preserved specimens were prepared for SEM analysis of the opisthaptoral hard parts. Specimens were placed in a drop of distilled water on a 12 mm diameter round glass coverslip (Chance Propper Ltd., Warley, UK), which in turn was attached to a glass slide using a drop of water. Tissue surrounding the opisthaptoral hooks was removed by adding 2.5 μl of 10× digestion buffer consisting of 75 mM Tris-HCl pH 8.0, 10 mM EDTA, 5% sodium dodecyl sulphate (SDS) and proteinase K to a final concentration of 100 μg/ml ) and incubating at 55°C for 10 min. The specimens were then rehydrated with a drop of distilled water and examined under a dissection microscope. If necessary, a further 2.5 μl of 10× digestion buffer was added, and the sample was re-incubated for an additional 10 min. The dried digested specimen remained superficially adhered to the coverslip and, while viewed under a stereomicroscope, was washed 3-4 times with distilled water to produce tissue-free hook preparations. The specimen was then air-dried and the coverslip was attached to a 0.5" aluminium pin stub (Agar Scientific Ltd., Essex, UK) using double-sided carbon tape and sputter-coated with gold prior to examination with a LEO 1450VP scanning electron microscope at 20 kV.
Molecular identification
DNA from seven gyrodactylids (five from R. hartii, two from P. reticulata) was individually extracted in 15 µl TE buffer including 3 µg of proteinase K and 0.45% Tween 20 by incubating the mixture at 65°C overnight and neutralising it at 95°C for 10 min. rDNA was amplified using a forward P3b and a reverse P4 primers (Cable et al. 2005 ) which anneal to the 18S and 28S, respectively. Amplifications were carried out in a Perkin Elmer thermocycler (9700) using an initial denaturation of 95°C, followed by 35 cycles of 94°C for 30 s, 50°C for 1 min, 72°C for 2 min and a final extension of 72°C for 10 min. PCR products were purified using Exonuclease I and SAP (Shrimp Alkaline Phosphatase) (BioLabs) and both strands were sequenced using BigDye (ver. 3.1; Applied Biosystems) on an ABI3100 sequencer. Strands were manually aligned and corrected using the program BioEdit (Hall 1999) .
The consensus sequences from the seven individuals were aligned with EMBLALIGN: Align_000605 using CLUSTAL X (Jeanmougin et al. 1998) following the criteria detailed by Matějusová et al. (2003) , generating a single haplotype. The family Gyrodactylidae currently includes 31 genera (Bakke et al. 2007 , Vianna et al. 2007 , Přikrylová et al. 2009 ) but of these, sequences are only available for 7 genera. Thus the haplotype of the unknown species was aligned with the following sequences from GenBank: Acanthoplacatus sp. (AF465784) (Tamura et al. 2007) and phylogenetic analysis was carried out using the NeighborJoining algorithm (NJ) and Maximum Likelihood (ML) with bootstrap support n = 2000. Bayesian analysis was also implemented using MrBayes 3.1 (Ronquist and Huelsenbeck 2003) with 5 × 10 6 Markov chain Monte Carlo (MCMC) generations.
Results
Monogenea van Beneden, 1858 Gyrodactylidae Cobbold, 1864
Ieredactylus gen. nov. (Figs 1 and 2 ; Table I) Body fusiform. Prohaptor with a single pair of cephalic lobes each bearing posterior glands and a spike sensillum. No eye spots. Spherical pharynx consisting of two bulbs (anterior and posterior), the anterior bearing 8 processes opens ventrally. Oesophagus short, branching into two simple, blind ended intestinal crura which extend beyond the ootype. Male copulatory organ (MCO) ventrally positioned, bulbous with a central principal spine which originates from the base of the bulb as two spines that merge at the top and face a single row of 8-10 closely arranged triangular spines. Two excretory bladders present, in-line with the MCO. Vesicula seminalis positioned posterior to the MCO. Female reproductive system consists largely of tubular uterus and usually contains an F1 embryo. F2 embryo observed in 3 and no embryo in 4 specimens (whole mount and partially digested preparations). No vagina. Viviparous. Opisthaptor trapezoidalshaped, demarcated from trunk, bears a single pair of hamuli with conical accessory pieces associated with the roots. Ventral bar with small processes bearing, posteriorly, a bi-lobed, spatulate membrane. Sixteen marginal hooks directed towards the posterior edge of the opisthaptor. Marginal hook sickles of two different morphologies. The numbering system of the marginal hook position follows that described by Malmberg (1970) . Pair 3 and 4 of the marginal hook sickles are noticeably more angular, whereas the remaining sickles are smoothly rounded. All marginal hook sickles bear a prominent, circular process ('button') on their heel which remains after proteolytic digestion of the soft tissue, and is likely a point of muscle attachment. Marginal hook shafts long and flexible compared to species of Gyrodactylus. Presence of two muscular pads adjacent to the hamuli, similar to the 'muscular adhesive disks' observed by Přikrylová et al. (2009) Table I) Measurements for whole specimens and body parts are presented in Table I . Further, there are 8 pharynx processes and the male copulatory organ (MCO) is positioned off centre to the mid-line of the parasite and posterior to posterior pharyngeal bulb; armed with a principal spine and a single row of 8-10 smaller spines. Excretory bladders present. Dorsal bars have elongated attachment points on hamuli. The ventral bar is butterfly-shaped, the bar membrane bifurcated with each wing attached at the mid-point of the ventral bar proper, extending tangentially and increasing in width with round ends. Two marginal hook types both with broad bases, approximately divided into equal toe and heel regions. The sickle shaft is marked by a deep groove on each side of the hook along which the filament loop operates. Sickle shaft proper for marginal hook pairs 1, 2, 5-8 is proportionately broad, gently angled at three points, forward sloping, terminating at a point well beyond the limit of the toe; sickle tip sharply deflected. Inner blade face of the sickle gently curved. Square heel with prominent circular muscle attachment point on the upper edge. Marginal hook pairs 3 and 4 show a sickle shaft broader than those of pairs 1, 2, 5-8; sharply angled at three points, terminating at a point well beyond the limit of the toe; sickle tip not as sharply deflected as that of pairs 1, 2, 5-8. Inner blade face of the sickle is also similarly angular. 55.4 ± 2 (52.7-59.6) H accessory piece length × width 11.5 ± 1.2 (9.1-13.6) × 5.3 ± 0.4 (4.8-6.3) Dorsal bar (DB) DB total length 12.0 ± 1.2 (9.4-13.4) DB width 2.0 ± 0.2 (1.5-2.3) DB attachment point length 10.2 ± 0.6 (9.5-11.5) Ventral bar (VB) VB total width 17. 6 ± 0.8 (16.4-19. 2) VB total length 19.9 ± 0.8 (18.2-21.3) VB process-to-mid length 3.1 ± 0.3 (2.6-3.5) VB median length 6.0 ± 0.5 (5.1-7.1) VB process length 0.9 ± 0.3 (0.5-1.8) VB membrane length 12.5 ± 0.6 (11.4-13. Etymology: The genus is named after the Arawak (an indigenous tribe of the West Indies) name for Trinidad, i.e. "Iëre". The species is named after the fish host on which this parasite was first encountered.
General: The species profile including taxonomic details is provided on www.monodb.org .
Remarks
Within the family Gyrodactylidae, Diplogyrodactylus martini, Macrogyrodactylus simentiensis Přikrylová et Gelnar, 2008 , Gyrodactylus chologastris Mizelle, Whittaker et McDougal, 1969 and Gyrodactylus heterodactylus Rogers et Wellborn, 1965 have been reported as having two types of marginal hook sickles (Rogers and Wellborn 1965; Mizelle et al. 1969; Přikrylová and Gelnar 2008; Přikrylová et al. 2009 ), whilst Gyrodactylus milleri Harris et Cable, 2000 possesses three different marginal hook sickle morphologies (Rubio-Godoy et al. 2010) . Gyreteroncus spp. were reported to have marginal hooks of different sizes and shapes, and their MCO to have many small spinelets (Euzet and Birgi 1988) , but this genus was never formally described. Indeed, after re-examination of Euzet's drawings, Přikrylová et al. (2009) claim that the species reported by Euzet and Birgi (1988) as Gyreteroncus sp. from Polypterus senegalus senegalus Cuvier is identical to D. martini, having a tubular and unarmed MCO, and the same marginal hook morphology. Although a dorsal bar is present in Euzet's drawings, Přikrylová et al. (2009) discussed the lack of this feature in D. martini. Confusion of all these genera with Ieredactylus gen. nov., however, is unlikely as apart from the two marginal hook types, all the other diagnostic features are different. The new genus also features a 'muscular adhesive disk-like' zone next to the hamuli, around the ventral bar attachment points, characteristic of those also seen, for example, in Diplogyrodactylus, Gyrdicotylus Vercammen-Grandjean, 1960 and Macrogyrodactylus Malmberg, 1956 (see Přikrylová et al. 2009 ). There was no evidence of species variation based on haptor morphology of specimens collected from both Rivulus hartii and Poecilia reticulata (although only two parasites were recovered from the guppy host).
Molecular characterisation of Ieredactylus rivuli gen. et sp. nov. (Figs 3 and 4) Overall, the ITS2 region of Ieredactylus rivuli gen. et sp. nov. showed the greatest genetic similarity (70% similarity with 47% coverage) to Gyrodactyloides bychowskii. All three phylogenetic analyses (Neighbor Joining, Maximum Likelihood and Bayesian) of the Gyrodactylidae genera based on ITS2 data, grouped I. rivuli gen. et sp. nov. with Gyrodactyloides bychowskii, Gyrdicotylus gallieni, Macrogyrodactylus polypteri and Diplogyrodactylus martini. ITS2 Bayesian analysis (data not shown) and Maximum Likelihood (Fig. 3 ) tree topologies were almost identical. The major difference between the three analyses was the position of Acanthoplacatus sp.
ITS1 analyses were conducted to assess the relationship of the new genus with Dactylogyrus (as no ITS2 sequences of the latter are currently available). As predicted the ITS1 results were highly variable (e.g. Cable et al. 1999 ) and alignments are problematic; but in all cases Ieredactylus gen. nov. clearly clustered within the Gyrodactylidae (Figs  3 and 4) . Ecological observations (Table II) Ieredactylus rivuli gen. et sp. nov. occurred at a prevalence of 16.7-94.6%, with a mean parasite intensity of 1-9 parasites/fish on Hart's Rivulus in three different fish populations (Table II) . This parasite can also naturally infect P. reticulata; however, this was only observed in 2004 on Pitch Lake guppies at a prevalence of 4.7% and a mean intensity of 1 parasite/fish. Although we have screened nearly 5000 guppies from the rest of Trinidad (Cable J. and van Oosterhout C., unpubl. data) , this new genus has not been recovered from guppy populations elsewhere in Trinidad.
When detached from its host, the new species was observed to move unidirectionally, characteristically twisting the body in a repeated figure of eight movement causing the parasite to move erratically, up or down in the water column (similar to the 'swimming behaviour' of Gyrodactylus rysavyi Ergens, 1973 described by El-Naggar et al. 2004) . Occasionally the parasite was observed motionless with its opisthaptor upright in the water film, similar to G. turnbulli (see Cable et al. 2002) . In comparison to the Gyrodactylus species found on guppies, I. rivuli gen. et sp. nov. is a distinctly larger parasite.
Discussion
The new genus Ieredactylus gen. nov. consists of a distinct viviparous gyrodactylid with a unique ITS rDNA sequence, and featuring a split ventral bar membrane, a MCO which differs from the Gyrodactylus-type in having the principal spine longer than the whole bulb (see Table I ) and the smaller spines not clearly delineated from the bulb (Figs 1K-L and 2B), the presence of two accessory pieces attached to the roots of the hamuli, and two types of marginal hooks. Both marginal hook sickles show the presence of a "button" on the heel (Figs 1E-H and 2D-E), which was resistant to the proteolytic digestion alongside other the hard parts of the opisthaptor. A partial split in the ventral bar membrane has previously been observed in G. poeciliae (see Harris and Cable 2000) , however, not to the degree of a complete split as is characteristic for the newly described genus. This cross-shaped ventral bar membrane is a feature that is occasionally seen on species belonging to the genus Dactylogyrus (i.e. Dactylogyrus crucifer Wagener, 1857 or D. zandti). Molecular analyses, however, clearly position Ieredactylus rivuli gen. et sp. nov. within the family Gyrodactylidae, most similar to the genera Gyrodactyloides, Macrogyrodactylus, Gyrdicotylus and Diplogyrodactylus (see Figs 3 and 4).
The arrangement of the two types of marginal hook sickles can be divided in pairs 1, 2, 5-8, which are smoothly rounded (similar to Gyrodactylus spp.), and pairs 3 and 4 sharply angular. Differences in sickle shape within a full set of marginal hooks have previously been recorded for Diplogyrodactylus martini (see Přikrylová et al. 2009 ), Gyrodactylus chologastris (see Mizelle et al. 1969) , G. heterodactylus (see Rogers and Wellborn 1965) , G. milleri (see Rubio-Godoy et al. 2010) and Gyreteroncus spp. (see Euzet and Birgi 1988) , although one unidentified species of the latter has been suggested to be identical with D. martini (see Přikrylová et al. 2009 ). The size difference between the two sickle types in Diplogyrodactylus is larger compared with Ieredactylus gen. nov. and the ratio of the number of large type to the smaller type hooks is 10 to 6, whereas Ieredactylus gen. nov. has 12 large and 4 smaller marginal hooks.
The prominent "button" on the heel of the marginal hook sickles is a consistent feature and is not lost during the digestion process which appears to be the case for most species of Gyrodactylus. A similar feature, however, is retained in Gyrodactylus salinae Paladini, Huyse et Shinn, 2011 , which infects the skin and gills of the south European toothcarp Aphanius fasciatus (Valenciennes) inhabiting hypersaline pools . This "button" most likely serves as a muscle attachment point, as might the conical accessory pieces associated with the roots of the hamuli, which disappear after proteolytic digestion.
The bulb of the MCO of Ieredactylus gen. nov. is in shape similar to Gyrodactylus spp., but the size and the arrangement of the principal spine differ from this genus. In Ieredactylus gen. nov. the MCO principal spine originates from the base of the bulb, where appears to be slightly bifurcated, and it extends to the top as a single spine, having a total size longer than the rest of the bulb (Figs 1K and 2B ; Table I ). These fea- Pálsson and Beverley-Burton 1983) .
Preliminary laboratory experiments indicate I. rivuli gen. et sp. nov. does not transmit from Hart's Rivulus to what is believed to be its temporary host, the guppy (P. reticulata). A remarkable feature of I. rivuli gen. et sp. nov. is that, unlike other monogeneans examined (Schelkle B., McMullan M., Mohammed R.S., Coogan M.P., Gillingham E., van Oosterhout C. and Cable J., unpubl. data), it has adapted to the extreme physio-chemical conditions in the Pitch Lake which is inhabited by Hart's Rivulus, but also a potential temporary host of I. rivuli, the guppy. This asphalt lake is a natural upwelling of oil characterised by high hydrocarbon content and the habitat is thought to act as a refuge for teleosts from most parasites (Schelkle B. et al., unpubl. data) . Nevertheless, some parasites, such as I. rivuli gen. et sp. nov., appear to have evolved tolerance to these extreme conditions, enabling it to exploit hosts and conquer a niche in this unique habitat. In addition to infections on Hart's Rivulus, three guppies (2.5%) from Pitch Lake were also infected with I. rivuli gen. et sp. nov., even though these fish were devoid of all other gyrodactylids.
Ieredactylus rivuli gen. et sp. nov. seems to be a robust monogenean adapted to a host known for terrestrial locomotion and inhabiting hostile environments. Further studies are necessary to assess its potential role as a pathogen which can infect other hosts in different environmental conditions.
